Plant survival in alpine habitats is controlled, in several cases, by pollination and seed dispersal success. We have investigated the genetic structure and mating patterns of the endangered Borderea pyrenaica (Dioscoreaceae), one of the oldest herbaceous Pyrenean mountain plants. SSR-based genotyping was carried out on all the reproductive female and male individuals and in all the female-descendent progenies of a population of this plant.
Introduction
Subalpine and alpine habitats impose a challenge on plant population establishment (Stoecklin, Kuss & Pluess, 2009) . In these areas reproductive biology of plant species is limited by the short growing season, the limited availability of resources and the small pollinator densities (Körner, 2003; Giménez-Benavides et al., 2011) . The harsh ecological conditions have pushed natural selection to promote shifts in reproduction modes in some species, from cross-mating to selfing (García-Camacho & Totland, 2009; Körner & Paulsen, 2009; Wirth et al., 2010) , and from sexuality to clonality (Weppler & Stocklin, 2005; Weppler, Stoll & Stocklin, 2006 ). Yet, other species, like dioecious plants (i.e. strict outcrossers), have developed different biological mechanisms that guarantee their reproductive success, such as long life spans (García & Antor, 1995a) and intimate interactions with different pollinators (Primack, 1978; García & Antor, 1995a) . Pollination and seed dispersal mediated by insects are crucial factors influencing the adaptive success of some alpine endemic plants (Primack, 1978; Jabis, Ayers & Allan, 2012) . Ant pollination is very common in nature; it occurs in more than 80 plant families (Gómez & Espadaler, 1998) and has evolved independently in more than 100 angiosperm lineages (Lengyel et al., 2009) . Furthermore, ants have been shown to be important seed dispersers in several plant species (Gómez & Espadaler, 1998; Pfeiffer, Nais & Linsenmair, 2004; Zhou, Chen & Chen, 2007;  and high mountain tops, thus gene flow is presumably very limited both among populations and among geographical areas Segarra-Moragues et al., 2007) . B. pyrenaica has one of the longest life-spans for herbaceous plants, with some individuals exceeding 300 years in life-span (García & Antor, 1995a , 1995b and accordingly, has slow population turnover, with juveniles reaching sexual maturity between 10 and 20 years of age (García & Antor, 1995a , 1995b . Because of its adaptation to the high subalpine habitat, its flowering season is relatively short, only in June (García, Antor & Espadaler, 1995) . Female plants produce very few flowers (< 10) compared to males, which bear several (1-20) terminal inflorescences, totalling several hundred flowers per male plant (García et al., 1995) . Male plants grow faster, have onset of flowering at a younger age (10-20 years), and thereafter reproduce yearly, whereas females grow more slowly, reach maturity somewhat later (14-24 years), and alternate reproductive and non-reproductive years (García et al., 1995) . These characteristics would explain the male-biased sex ratios (approx. 2:1) found in populations of B. pyrenaica at a given flowering season (García & Antor, 1995b) . Additionally, senescence is apparently negligible for both sexes, as neither females nor males show a decrease in growth or fecundity at advanced ages (e. g. > 2 centuries; García, Dahlgren & Ehrlén, 2011) . Although flowers are actively visited by several insects, García et al., (2005) found that the ant species Leptothorax tuberum Fabr.
was the most efficient pollinator. After pollination, each female flower develops a capsule, in which a maximum of six seeds are produced. However, only 65% of fruits may succeed in maturing all six seeds. This reduced fecundity, coupled with the few flowers produced by the female plants, evidences further the considerable effort of sexual reproduction of females (García & Antor, 1995b; García et al., 1995) . Fruit ripening occurs from late July/early August to early September (García et al., 1995) . The seeds are likely to be gravity dispersed as they lack specialised mechanisms for long distance dispersal, and thus soon become buried by the scree (pers. obs.). However, a recent study on the reproductive biology of its congener, the cliff-dweller B. chouardii (Gaussen) Heslot, suggested that ants could equally act as dispersers of the B. pyrenaica seeds (García et al., 2012) .
Previous population genetics studies of B. pyrenaica showed that populations were generally inbred (range F IS =+0.032 to F IS =+0.212) despite the dioecious nature of the species, which would normally preclude inbreeding (Segarra-Moragues et al., 2007; Segarra-Moragues & Catalán, 2010) . However, these high F IS values may be the result of the short distance dispersal of both pollen and seeds, as expected from ant-pollination and gravity or ant-dispersal of seeds, which might promote the spatial clustering of genetically related individuals and consanguineous mating. This hypothesis requires further investigation. We use nuclear microsatellite markers to investigate the local genetic structure and pollen dispersal in a pre-Pyrenean population of B. pyrenaica. We investigate the siring success of males, with respect to distances from females, through paternity analyses of open-pollinated progeny arrays and estimate the incoming rate of pollen flow from other populations. We discuss our results in the light of their biological and evolutionary consequences for the population dynamics and conservation of this long-lived herb.
Material and Methods

Population sampling
Plant sampling was conducted in a pre-Pyrenean population (Spain: Huesca, Saravillo, Cotiella Massif, La Vasa de la Mora, 42º33'18.30''N, 0º18'54.34''E, 1950 m.a.s.l.) (Fig. 1A) that shows a relatively good accessibility of individuals and the highest allelic richness among the previously studied ones (Segarra-Moragues et al., 2007) . This allowed us to genetically characterise the maximum number of individuals with unique multilocus SSR genotypes and to maximise the exclusion probabilities required for a reliable paternity analysis. This population is geographically isolated from the nearest distribution ranges of the pre-Pyrenean population of Turbón (45 km) and the central (García & Antor, 1995b) . Geographical coordinates were recorded for each sampled individual using Global Positioning System (GPS). Seeds of open-pollinated capsules were collected from the 33 females (1-7 fruits per female depending on female fecundity) ( Fig.   1A ) prior to dispersal, rendering a total of 246 seeds for paternity analysis.
DNA extraction and microsatellite amplification
Fresh leaves were collected from adult individuals and dried in silica gel until DNA extraction. Dried leaf tissue was ground in mortars with liquid Nitrogen. Total genomic DNA was extracted using the modified 2× Cetyl-Trimethyl-Ammonium Bromide (CTAB) procedure of Doyle & Doyle (1987) with minor modifications and finally resuspended in double-distilled water. DNA from seeds was extracted using the DNeasy plant minikit (Qiagen, Barcelona, Spain) following the manufacturer's instructions. We selected eight primer-pairs among the 17 currently available for Borderea to conduct the microsatellite genotyping of the samples. Primer-pair selection was performed according to allelic richness, polymorphism and the possibility of scoring disomic genotypes in this allotetraploid species from the amplified microsatellite loci (Catalán et al., 2006; Segarra-Moragues et al., 2007) . Three primer-pairs were specifically designed for B. pyrenaica (Bp126, Bp2290 and Bp2391; Segarra-Moragues et al., 2004) and the remaining five were transferred from its congener B. chouardii (Gaussen) Heslot (Bc1258, Bc1551, Bc1644, Bc1422 and Bc1274; . As a consequence of the allotetraploidy of B. pyrenaica (Catalán et al., 2006) , seven of the primer-pairs amplified two loci each (corresponding to both different subgenomes present in B. pyrenaica) and one (Bp126) amplified only one parental subgenome (see Catalán et al., 2006, and Segarra-Moragues et al., 2007 for further details). The duplicate loci of the allotetraploid individuals, which showed non-overlapping allelic sizes, were treated as separate conventional diploid loci, thus summing a total number of 15 scored SSR loci (for further information about the assignment of alleles to the duplicate loci, see Catalán et al., 2006) . Two out of the 15 loci were monomorphic in this population and were finally excluded from the analysis. The amplification protocols followed those described elsewhere in Segarra- Moragues et al. ( , 2004 . Products were run on an ABI 3700 automated sequencer (Applied Biosystems, Madrid, Spain) and fragment lengths were assigned to alleles with GENOTYPER ® software (Applied Biosystems) using ROX500 as the internal lane standard.
Data analysis
Genetic diversity indices, i.e., the total number of alleles (N A ), mean number of alleles per locus (A), observed (H O ) and expected (H E ) heterozygosities and inbreeding coefficient (F IS ) for adults, males, females, and offspring were calculated using GENEPOP v. 4.0 (Rousset, 2008) . Linkage disequilibrium was calculated using the log-likelihood ratio G-statistic in FSTAT v.2.9.3 (Goudet, 2001 ). The significance level was adjusted with Bonferroni correction to account for multiple comparisons (Rice, 1989) . This software was also used to calculate average allelic richness (Ar) which is unbiased for sample size, applying the rarefaction method of Hurlbert (1971) adapted by El Mousadik & Petit (1996) .
To investigate the fine scale Spatial Genetic Structure (SGS) of the population we computed pairwise kinship coefficients between all adult plants and between male and female pairs, respectively. Kinship coefficients represent the probability that two homologous genes sampled at random from each individual are identical by descent.
Therefore, this index measures the relatedness between two individuals. Average and standard error in kinship coefficients were calculated through jackknifing over loci as correlations between allelic states, as indicated in Loiselle et al. (1995) using SPAGeDi v. & Vekemans, 2002) . We used ten spatial distance classes (where each distance class varied in length to account for a similar number of pairwise comparisons), covering the minimum and maximum pairwise spatial distances of individuals within the study area.
(Hardy
Spatial genetic structure was also quantified by calculating the Sp statistic according to Vekemans & Hardy (2004) . FAMOZ (Gerber, Chabrier & Kremer, 2003; Di Vecchi-Staraz et al., 2007) was used to calculate exclusion paternity (EP) probabilities and to perform paternity analyses following a categorical likelihood-based approach in which the most likely father is assigned to each offspring based on the log-likelihood ratios (LOD) method (Marshall et al., 1998; Gerber et al., 2000; Meagher, 1986) . The LOD scores were obtained by simulations that considered a departure from HW equilibrium of +0.063 (as estimated with GENEPOP) and a mistyping error of 0.001, using an empirical test that minimized both type I and type II errors. We considered as true fathers only those candidates with highest LOD score. Other paternity estimators, such as the number of offspring (N off ) matching at least one potential father in the sampled population (N 1 ), the pollination percentage of parents from outside the sampled population [1-(N 1 /N off )], the number of offspring with only one father (N 2 ), and the average of potential fathers for each offspring (N 3 ), were also calculated with FAMOZ. As an additional measure, sired seeds from males from inside the population were classified in seven non-equidistance class intervals to check whether siring success was higher between spatially close mates. The first class interval was set to < 15 m, corresponding to the size of the largest patch of individuals, and the remaining distance intervals were in an increasing series of 5 m each. The frequencies of full and half siblings were used to estimate the current effective size of the population (Ne) according to the sibship assignment method (Wang, 2009 ).
The probabilistic spatial model of parentage analysis implemented in the NM+.v.1.1 software (Chybicki & Burczyk, 2010) estimates the pollen dispersal kernel using the Newton-Raphson algorithm and the neighbourhood model (Burczyk et al., 2006) , which is based on the multilocus genotypes of males and seeds. As our paternity analyses were based on progeny analysis of seeds collected from females (i.e. prior to dispersal), we only calculated the variables related with pollen migration and dispersal; we estimated the maximum likelihood of immigration rates of pollen (mp), the scale (parameter a) and shape (parameter b) of the dispersal kernel, and the proportion of outcrossed pollination with pollen produced inside the studied area (1-mp-s). Regarding the program settings, we fixed the neighborhood parameter to infinite and the selfing rate (s) to zero, as B. pyrenaica is an obligate outcrosser. Given that the software assumes a monoecious species, we additionally assumed a fictitious phenotypic trait that forced the success of the male reproductive function of females to zero, while not affecting the relative success of different males, according to Saro et al. (2014) . We estimated these neighbourhood model parameters for both Exponential-Power and Geometric pollen dispersal kernel models. The best model was selected using the Akaike information criterion (AIC = 2K -2Ln (L), where K is the number of parameters in the statistical model and L the maximized value of the likelihood function for the estimated model. Biparental inbreeding was inferred from the selfing rate, which was calculated based on the best selected model.
Results
Genetic diversity and structure of the studied B. pyrenaica population
The male-biased sex ratios of B. pyrenaica populations reported by García & Antor (1995b) were also reflected in our sampling scheme of all flowering individuals in the studied plot (Fig. 1A) . The eight microsatellite regions assayed in the population of B.
pyrenaica generated 13 polymorphic loci rendering 80 and 56 different alleles for males and females, respectively, and a total of 90 different alleles in the adult sample set ( 
Kinship and paternity analysis
The maximum positive significant average values of the kinship coefficient were detected in the shortest distance class (up to 5 m) for the whole set of adult plants and for males of B. pyrenaica (Fig. 2) , whereas kinship coefficients did not indicate a significant relationship between females at such distance. These values progressively decreased with the distance between plants, reaching zero at distances 5< d < 10 m for all adults and for males (Fig. 2) . Thus, autocorrelograms conducted for males and females revealed remarkable differences between the two sexes at distances shorter than 5 meters, with males showing significantly higher kinship coefficient values than females (Fig. 2) . The Sp statistic for the whole set of adult samples, males and females was 0.0115, 0.0096 and 0.0108, respectively.
Exclusion paternity probabilities were similarly moderate for males (EP=0.974), females (EP=0.956) and the complete set of adults sampled (EP=0.972), although for a paternity analysis assignment with known maternal genotypes, only the genotypes of males were relevant for the study (Table 1) .
A total of 246 seeds collected from 33 females were genotyped. No mismatches between the genotypes of the offspring and the genotypes of their corresponding mothers were detected; thus, the analysed microsatellites showed no evidence of presence of null alleles. Fifty-nine out of these 246 (23.98%) seeds did not have any candidate father within the sampled population. These 59 seeds came from 19 mothers, of which only one (10.17% of the 59 seeds) was located close (<4 m) to the edge of the sampled area, whereas 11 and 7 mothers (59.32% and 30.51% of the 59 seeds, respectively) were located at >5 and >10 m, respectively, from the edge of the sampled area. Thus, we cannot assume that they have been sired entirely from fathers outside the population, as some males involved in pollination could have lost their flowers (especially if they had produced few) prior to sampling, and could have been scored as juveniles resulting in an overestimation of gene flow from outside the population (Table 2) . Of the remaining 187 seeds, 36 of them (14.63% from the total progeny) had more than one candidate father within the population. For 151 seeds (61.38% from the total progeny), only one likely father from within the population (Table 2 ) was found.
Siring success was overall higher between spatially close mates than between more distant ones (Fig. 3) . We found that 26.62% of the seeds were sired by mates located at distances of less than 15 m, and that 68.83% of the seeds were sired within the first three distance intervals (a pairwise distance between mates <25 m). A progressive reduction in siring success was observed with increasing spatial pairwise distance between mates in the population (Fig. 3) . The effective population size of B. pyrenaica (Ne) was of 58 individuals assuming Hardy-Weinberg equilibrium and of 56 individuals assuming non-random mating.
The 95% bootstrap confidence intervals (upper and lower limits for Ne) for non-random mating were 83 and 40 individuals, respectively.
The estimation of the pollen dispersal kernel using the Newton-Raphson algorithm and the neighbourhood model showed that the Exponential-Power kernel type had lower AIC values than the Geometric kernel type, thus supporting a better goodness of fit of the former statistical model. The probabilistic spatial neighbourhood model of parentage analysis showed an immigration pollen rate of 63.3% (mp = 0.633 ± 0.032), a pollen dispersal of 5.4 meters (parameter a of the pollen dispersal kernel; dp = 5.443 ± 1.285), and a leptokurtic shape (parameter b of the pollen dispersal kernel; bp = 0.452 ± 0.093; scale a_p =0.154; which matched with a fat tailed distribution dispersal kernel in the ExponentialPower type b < 1), suggesting pollen dispersal at short and long distances, but not at intermediate distances. We found a 36.7% of outcrossed pollination with pollen from inside the studied area. Biparental inbreeding, inferred from selfing rate, was 14.5%.
Discussion
Genetic diversity of males, females and offspring, and mating bias in B. pyrenaica
The use in this study of a population sample that is twice as large in terms of the total number of reproductive individuals than that of an earlier study (Segarra-Moragues et al., 2007) notably increased the probability of finding new alleles and therefore higher levels of genetic diversity. Nonetheless, overall values of genetic diversity were moderate to low for males, females and the whole sample of adults compared to the average values reported for other endemic plant species using SSR markers (e.g., H O =0.32; H E =0. 42; cf. Nybom, 2004) . This is likely the result of the long term isolation of populations and the subsequent low gene flow among them, the short dispersal distances causing inbreeding, and the genetic bottlenecks derived from consecutive habitat changes experienced during Pleistocene glaciations and interglacials (Segarra-Moragues et al., 2007; Segarra-Moragues & Catalán, 2008) . Clonality is another common explanation for the low genetic diversity levels observed in alpine plants (Hamrick & Godt, 1996; Nybom, 2004; Kholina et al., 2010) .
However, vegetative propagation has not been documented in B. pyrenaica (García & Antor, 1995b; Segarra-Moragues & Catalán, 2002) and thus, clonality is discarded as a possible explanation for the low levels of genetic diversity in this species. Therefore, the two cases of identical genotypes detected among males could be the result of possible biparental inbreeding, which was inferred of 14.5% from the pollen dispersal kernel analysis, or the effect of the limited capacity of the 13 polymorphic microsatellite loci assayed to discriminate genetically distinct individuals.
Adult individuals considered in sex categories (i.e. males, females) had similar genetic diversity values compared to the whole set of samples (Table 1) . Allelic richness, which is unbiased for dissimilar sampling sizes, was consistent with these results, suggesting an effect sample size in the observed differences between males and females on the mean number of alleles (Table 1) . However, the offspring sample had comparatively to adults lower levels of heterozygosity, approximately 14% less alleles (78 vs. 90) and 14% lower allelic richness (3.95 vs. 4.55; Table 1 , Appendix 1) despite doubling the sample size of adults (246 vs. 122 individuals) . This loss of genetic diversity in the offspring may be the consequence of deviation from random mating, as a result of some reproductive traits reported for the species, such as the alternation of reproductive and non-reproductive years in females, the male-biased sex ratio (García & Antor, 1995b; García et al., 1995) , or the limited pollen dispersal distances within populations, which reduce the effective population size thereby increasing biparental inbreeding. Although 122 flowering adults were found in the population (Table 1 , Appendix 1), the sibship assignment analysis using frequencies of both full and half siblings estimated an effective population size of 56 individuals assuming non-random mating, showing a reduction of 54.09% between the actual and the effective number of individuals contributing to the next generation.
Fine-Scale Spatial Genetic Structure (SGS) of the B. pyrenaica population
One of the expected results of a restricted pollen and seed dispersal is the increase of the genetic structure within plant populations due to genetic isolation by distance, which results in spatial genetic structuring across generations (Fernández-Manjarres, Idol & Sork, 2006) . Our study has revealed a strong spatial population structure in B. pyrenaica, with individuals being significantly related at distances shorter than 10 m (Fig. 2) , despite longlife spans?, dioecy and insect-pollination traits that would normally contribute to higher rates of outbreeding and lower kinship coefficients. The estimation of the SGS of B.
pyrenaica revealed a Sp = 0.0115 for the whole population of adults, matching with the expected average for outcrossing species (Sp = 0.0126±0.0101) (Vekemans & Hardy, 2004) .
Concerning life form, the Sp for B. pyrenaica was on the expected average for trees (Sp = 0.0102±0.0096) and lower than the expected for herbaceous plants (Sp = 0.0459±0.0643);
however, the latter group accounted for larger variance. Our results indicate that the longlife span of individuals of B. pyrenaica strongly influenced the SGS in populations of this species. While high F IS and high relatedness at short spatial distances is the general pattern of the studied population, we found contrasting differences between the two sexes (Fig. 2) .
While kinship coefficients of males follow the general pattern of the population, females showed non-significant positive kinship coefficients at distances shorter than 10 m. In the third distance class (10 < d < 15 m) both males and females followed the same general trend of the entire population, thus the differences between males and females at shorter distances require an explanation. A strong competition for resources is expected among spatially close individuals (Dolezal et al., 2006; Matesanz et al., 2011) . This competition is even stronger in habitats where resource availability is limited by short vegetative periods, such as in high alpine and subalpine areas. In B. pyrenaica this competition is also likely to be stronger between females than between males or even between females and males given the significantly higher selective pressure associated with the reproduction of females compared to males (García & Antor, 1995b; García et al., 1995) . If this is true, then a pre-reproductive purge of related individuals is expected to occur at shorter distances among the female group resulting in the observed pattern. This is not in contradiction with the similar mortality rates between males and females observed by García & Antor (1995a , 1995b , since this purge of females would occur earlier than the sex of the individual could be determined (i.e. at ages younger than 10 years), but may have strong consequences for sex ratios and population viability under fluctuating conditions. A reduction of the population size could alter the spatial genetic structure of females by increasing kinship coefficients at shorter spatial distances thus causing and overall increase of inbreeding. This is likely to have a stronger effect on females given their higher costs associated to sexual reproduction compared to males and finally could compromise long-term population viability and persistence.
Ant pollination and seed-dispersal in B. pyrenaica
In contrast to other pollination and seed dispersal systems where directional patterns are usually expected, such as those mediated by water (from upstream to downstream), gravity (in an altitude gradient; from higher to lower altitude) or wind (in the case of strong directional winds; Contreras-Sánchez, Greene & Quesada, 2011) , dispersal of pollen and seeds by ants is not commonly related to a directional pattern (Gómez & Zamora, 1992 (García et al., 1995) . These authors revealed that the flowers of B. pyrenaica were actively visited by lady beetles (Coccinellidae), flies, (Diptera, (Calliphoridae and Muscidae) and ants (Formicidae). Of all these flower visitors, the ant species Leptothorax tuberum was not the most frequent visitor but it was revealed as the most efficient pollinator (García et al., 1995) . Leptothorax L.
tuberum is a small sedentary ant (Radchenko, 2004) ; this characteristic is congruent with the observed short pollen dispersal distances in B. pyrenaica. The higher probability of male effective pollination at distances shorter than 20 meters found in our study ( Fig. 3 ; mean of within neighbourhood pollen dispersal distance of 5.443 ± 1.285 meters, inferred from the pollen dispersal kernel) agrees with this terrestrial ant-pollination system rather than with the longer pollination distances expected from flying insects (Chifflet et al., 2011) . García et al. (2012) . Nonetheless, both gravity and ant dispersal of seeds would account for similarly short-distance dispersal, thus contributing to a strong SGS within populations.
Mating patterns and correlated paternity in B. pyrenaica
Immigration rates of pollen from outside the stand, deduced from progenies whose paternity could not be determined from males inside the study area ( rates: i) we sampled all flowering individuals in the studied population, but it might be possible that some males had sired seeds but had lost their flowers prior to the sampling, thus being considered as juveniles and therefore, not sampled; and ii) some males outside our sampling area had sired seeds though no further individuals were detected in the 300 m explored adjacent to the sampled area.
Distribution of females and males, mating distances and siring success data could be applied to assist the collection of B. pyrenaica seeds from natural stands for inclusion in breeding programs, to build up germplasm banks, and for the reformulation of in situ conservation strategies, such as the minimum distance and the number of parents needed to maintain or to establish a population. Distance classes (d)
